We present a systematic quality comparison of protein crystals obtained with and without cross-linked protein crystal (CLPC) seeds. Four proteins were used to conduct the experiments, and the results showed that crystals obtained in the presence of CLPC seeds exhibited a better morphology. In addition, the X-ray diffraction data showed that the CLPC seeds method is a powerful tool to obtain high-quality protein crystals. Therefore, we recommend the use of CLPC seeds in preparing high-quality diffracting protein crystals.
Introduction
Proteins are important molecules with biological activities and they perform various functions, making them the most important biological macromolecules. To understand how proteins perform their complex functions, it is necessary to determine their three-dimensional structure. Currently, X-ray crystallography remains the most widely used technique for determining the three-dimensional molecular structures of proteins [1] . High-quality single crystals are vital for X-ray diffraction, and the need to obtain these crystals is the bottleneck of this technique [2, 3] .
Seeding in protein crystallization is a method of using protein crystals as the seeds for growing crystals, which can help to accelerate the crystallization process, and obtain high quality protein crystals. In this method, seed crystals are mainly inoculated into the pre-balanced protein crystal solution in metastable state, and the nucleation process is shortened by introducing foreign seed crystals to induce protein nucleation at low supersaturation, so as to obtain a highly ordered protein structure. To improve the quality of protein crystals by using tools such as electric fields [4, 5] , magnetic fields, ultrasound waves, light, mechanical vibration [6] , microgravity [7, 8] , and nucleants [9] , has always been studied. The addition of nucleants is one of the most commonly used methods for improving the quality of protein crystals. Many studies have been performed on using nucleants, and the results consistently show that their use has a positive effect on the crystal quality. For example, Quiocho [10] and others reported, for the first time in 1964, that cross-linked enzyme crystals were obtained through cross-linking carboxypeptidase-A crystals with bifunctional reagents such as glutaraldehyde. Diffraction analysis of three different proteins by Lusty [11] showed that cross-linking prevents, to a large extent, the lattice disorder normally observed in rapid cooling of these crystals. Weichsel studied the formation and catalase crystals, with a mass ratio of 1:1:1. According to our routine crystallization screening experiments, the reliable range of crystallization conditions for crystallization experiments [30] [31] [32] was screened out by us. 
Crystal Images
After the protein crystals were obtained, the crystal images were captured by a stereo microscope (Olympus SZX 16, Tokyo, Japan) to record their crystals' morphology. The same magnification was used for the crystals of one protein in order to analyze the influence of the CLPC seeds on the crystal morphology.
Crystal Diffraction
Crystals of similar size, grown in the presence or absence of CLPC seeds, were harvested by nylon CryoLoops (Hampton Research), and were then placed on an X-ray diffractometer (Mar µX, Mar Research, Norderstedt, Germany) to obtain the diffraction data. The wavelength is 1.54 Å, the diffraction energy is 8 kev, the diffraction exposure time of each diffraction pattern is 5 min, the angle of oscillation is 1 degree, the diffraction temperature is 100 K, and the antifreeze is composed of 20% glycerine and 80% precipitant solution. Three crystals were used, and the diffraction data were collected over the range of 100 degrees for each crystallization condition. Collecting a full data set for one crystal requires the use of the home facility for one or two days, meaning that completing the entire comparison experiment described in the paper takes a very long time. The environmental factors (temperature, humidity, pressure, etc.) do not stay exactly the same over such a long time period, introducing experimental errors. To minimize the errors, the number of diffraction shots was reduced to cover a range of 5 degrees, and three crystals were used, with 5 degrees of diffraction data also collected for each crystal. The HKL 2000 package and BEST in CCP4 software was used to analyze the diffraction data [33, 34] .
Results

Morphology of Protein Crystal
After the protein crystals were obtained, the images of the crystals were recorded using a stereomicroscope. Figure 1 shows some typical images of crystal morphology obtained in the presence and absence of CLPC seeds. An inspection of Figure 1 shows that the crystals obtained in the CLPC seeds method exhibited larger size than that of the control crystals. It was observed that the crystals grown using the seeds technique exhibited an improved appearance, with comparatively few defects.
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Diffraction Pattern of Protein Crystals
Comparisons of the Diffraction Data
The quality of protein crystals, grown in the presence or absence of CLPC seeds, was assessed using an X-ray diffractometer. To further identify the effect of CLPC seeds on the protein crystals, the resolution and mosaicity parameters were extracted and chosen as the analysis objects. Four kinds of protein (lysozyme, proteinase K, thaumatin, and glucose isomerase) crystals with the best appearance and similar sizes were selected, and the sizes of the crystals were 100−200 μm. All of the crystals were used for diffraction. Three groups of 100 degrees of diffraction data of the crystals grown with and without CLPC seeds from each crystallization condition were collected, and the best diffraction data sets (including the resolution, space group, cell parameters, Rmerge and I/Iσ) were compared. All of Figure 1 . Some typical images of the crystal morphologies obtained in the presence and absence of CLPC seeds. (a1-d1) in the presence of seeds 1, (a2-d2) in the presence of seeds 2, (a3-d3) in the presence of seeds 3, (a4-d4) in the absence of seed, (a1-a4) Lysozyme, (b1-b4) proteinase K, (c1-c4) thaumatin, (d1-d4) glucose isomerase.
Diffraction Pattern of Protein Crystals
Comparisons of the Diffraction Data
The quality of protein crystals, grown in the presence or absence of CLPC seeds, was assessed using an X-ray diffractometer. To further identify the effect of CLPC seeds on the protein crystals, the resolution and mosaicity parameters were extracted and chosen as the analysis objects. Four kinds of protein (lysozyme, proteinase K, thaumatin, and glucose isomerase) crystals with the best appearance and similar sizes were selected, and the sizes of the crystals were 100-200 µm. All of the crystals were used for diffraction. Three groups of 100 degrees of diffraction data of the crystals grown with and without CLPC seeds from each crystallization condition were collected, and the best diffraction data sets (including the resolution, space group, cell parameters, Rmerge and I/Iσ) were compared. All of the crystals of a given protein used for diffraction were simultaneously grown under the same environment with the same temperature, humidity, and air pressure. Tables 2 and 3 lists is a summary of the diffraction quality data of the four proteins. It can be observed, from an examination of the data presented in the two tables, that the diffraction quality increased for all of the three proteins obtained using the CLPC seeds method, namely lysozyme (1.67 Å, 1.67 Å, 1.78 Å vs. 1.87 Å), proteinase K (1.71 Å, 1.89 Å, 1.76 Å vs. 1.91 Å), and thaumatin (2.10 Å, 2.18 Å, 1.96 Å, vs. 2.24 Å). In addition, the mosaicity of the crystals from the seeds showed an improved trend compared to the control. In addition, we obtained the diffraction data of glucose isomerase only when adding seeds 3, and the resolution and mosaicity reached up to 2.45 Å and 0.74, respectively. Meanwhile, diffraction data cannot be obtained when adding seeds 1, seeds 2 and control. Thus, in all cases, it was observed that the quality of the protein crystals grown from the seeds methods was better than that in the control. 
Comparisons of the Diffraction Data for the 5 Degree Range
(1) Average analysis Collecting the full data set of one crystal using the home facility requires one or two days, meaning that the completion of all of the comparison experiments in the work takes a very long time. The environmental factors (temperature, humidity, pressure, etc.) are not identical over such a long time period, which may introduce errors in the experiments. To minimize the errors, the range of the diffraction shots was reduced to 5 degrees. Ten crystals grown in the presence and absence of three Crystals 2019, 9, 501 6 of 12 CLPC seeds with equivalent shape and size were chosen, and the size of crystals were 100-200 µm. A statistical analysis of all diffraction data of the three proteins with the 5-degree range was conducted, as shown in Figure 1 . The resolution and mosaicity of the crystals were chosen as the analysis objects. It can be observed from the Figure 1 that the lysozyme crystals grown from the seeds 1, 2 and 3 had better resolutions than the control sample, and the crystals obtained from seeds 1 had the largest increased range, followed by those of seeds 2 and seeds 3. For proteinase K and thaumatin, the crystals obtained using the seeds 3 possessed the best quality. Therefore, the quality of protein crystals obtained by adding three types of seeds is better than that of control samples. 1 
Resolution
The resolution limits are the main indicator of crystal quality. Figure 2 shows a comparison between the resolution obtained for the crystals of the three proteins with and without CLPC seeds. As shown in the figure, the CLPC seeds improved the resolution of the crystals for all three proteins. Seeds 1 of lysozyme demonstrated the best resolution limit, while the crystals obtained from the control showed the worst resolution limit. The contents of the cross-linked lysozyme crystals in seeds 1, seeds 2, and seeds 3 were 100%, 50%, and 33.33%, respectively, indicating that the seeds with the same protein resulted in the greatest increase in resolution of the target protein. The normalized results for the resolution limit are shown in Figure 2b . An examination of Figure 2 shows that all of the three CLPC seeds can improve the diffraction resolution of lysozyme crystals, and the lysozyme crystals with the best quality were obtained when the seeds 1 was added, followed by seeds 3, seeds 2, and the control.
(1) Average analysis Collecting the full data set of one crystal using the home facility requires one or two days, meaning that the completion of all of the comparison experiments in the work takes a very long time. The environmental factors (temperature, humidity, pressure, etc.) are not identical over such a long time period, which may introduce errors in the experiments. To minimize the errors, the range of the diffraction shots was reduced to 5 degrees. Ten crystals grown in the presence and absence of three CLPC seeds with equivalent shape and size were chosen, and the size of crystals were 100-200 μm. A statistical analysis of all diffraction data of the three proteins with the 5-degree range was conducted, as shown in Figure 1 . The resolution and mosaicity of the crystals were chosen as the analysis objects. It can be observed from the figure 1 that the lysozyme crystals grown from the seeds 1, 2 and 3 had better resolutions than the control sample, and the crystals obtained from seeds 1 had the largest increased range, followed by those of seeds 2 and seeds 3. For proteinase K and thaumatin, the crystals obtained using the seeds 3 possessed the best quality. Therefore, the quality of protein crystals obtained by adding three types of seeds is better than that of control samples.
 Resolution
The resolution limits are the main indicator of crystal quality. Figure 2 shows a comparison between the resolution obtained for the crystals of the three proteins with and without CLPC seeds. As shown in the figure, the CLPC seeds improved the resolution of the crystals for all three proteins. Seeds 1 of lysozyme demonstrated the best resolution limit, while the crystals obtained from the control showed the worst resolution limit. The contents of the cross-linked lysozyme crystals in seeds 1, seeds 2, and seeds 3 were 100%, 50%, and 33.33%, respectively, indicating that the seeds with the same protein resulted in the greatest increase in resolution of the target protein. The normalized results for the resolution limit are shown in Figure 2b . An examination of Figure 2 shows that all of the three CLPC seeds can improve the diffraction resolution of lysozyme crystals, and the lysozyme crystals with the best quality were obtained when the seeds 1 was added, followed by seeds 3, seeds 2, and the control. The averaged normalized resolution limits in the presence and absence of CLPC seed. ( ** represents saliency). In terms of the resolution limit of protein crystals, the results showed that there were significant differences between the control group and other groups. (n = 3, P < 0.05). Crystals with seeds showed better resolution limits.
 Mosaicity
Mosaicity is another measure of crystal quality. Figure 3 shows a resolution comparison of the three protein crystals with and without CLPC seeds. Compared to the control, all of the three CLPC seeds improved the mosaicity of the crystals. Here, seeds 1 exhibited greater improvement than the other two seeds. The normalized results for mosaicity are shown in Figure 3b . Overall, the CLPC seeds clearly demonstrated better mosaicities than the control. The averaged normalized resolution limits in the presence and absence of CLPC seed. (** represents saliency). In terms of the resolution limit of protein crystals, the results showed that there were significant differences between the control group and other groups. (n = 3, p < 0.05). Crystals with seeds showed better resolution limits. In terms of the mosaicity of the protein crystals, the results showed that there were significant differences between the control group and other groups. (n = 3, P < 0.05). Crystals with seeds showed a better mosaicity.
 B-factor
The B-factor, which depends on structural heterogeneity, provides a wide spectrum of information on protein structure and dynamics. In different crystal structures of the same protein, the average B-factor tends to increase if resolution decreases [35, 36] . The comparison in Figure 4 shows that the B-factor of the crystals obtained by the seeds method is always lower than that of the control. A one-way ANOVA test was also conducted to analyze the B-factor, as shown in Figure 4b .
The three CLPC seeds all demonstrated a decreasement in the B-factor compared to the control sample. ( ** represents saliency). In terms of the protein crystals, the results showed that there were significant differences between the control group and other groups. (n = 3, P < 0.05). Crystals with seeds showed a better B-factor values.
Based on the above comparisons, the protein crystals grown with CLPC seeds exhibited better resolution, mosaicity and B-factor, indicating that adding CLPC seeds in the protein crystallization process is beneficial for obtaining high-quality protein crystals.
(2) Discrete point analysis
In order to further study the difference in resolution and mosaicity between crystals with and without seed crystals, we compared the diffraction resolution and mosaicity of crystals in one image, as shown in Figures 5-7 , which represent the squares of the crystals of three proteins (lysozyme, proteinase K and thaumatin) in the seed group. The closer the crystal resolution and tessellation points are to the origin of coordinates, the better the crystal quality is. The seed group is close to the coordinate origin, while the triangle representing the control group is far from the coordinate origin. In addition, the square distribution representing the seed group is compact, while the triangular distribution representing the control group is more dispersed, which indicates that it is more likely In terms of the mosaicity of the protein crystals, the results showed that there were significant differences between the control group and other groups. (n = 3, p < 0.05). Crystals with seeds showed a better mosaicity. 3 
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 B-factor
In order to further study the difference in resolution and mosaicity between crystals with and without seed crystals, we compared the diffraction resolution and mosaicity of crystals in one image, as shown in Figures 5-7 , which represent the squares of the crystals of three proteins (lysozyme, proteinase K and thaumatin) in the seed group. The closer the crystal resolution and tessellation points are to the origin of coordinates, the better the crystal quality is. The seed group is close to the coordinate origin, while the triangle representing the control group is far from the coordinate origin. In addition, the square distribution representing the seed group is compact, while the triangular distribution representing the control group is more dispersed, which indicates that it is more likely (** represents saliency). In terms of the protein crystals, the results showed that there were significant differences between the control group and other groups. (n = 3, p < 0.05). Crystals with seeds showed a better B-factor values.
(2) Discrete point analysis In order to further study the difference in resolution and mosaicity between crystals with and without seed crystals, we compared the diffraction resolution and mosaicity of crystals in one image, as shown in Figures 5-7 , which represent the squares of the crystals of three proteins (lysozyme, proteinase K and thaumatin) in the seed group. The closer the crystal resolution and tessellation points are to the origin of coordinates, the better the crystal quality is. The seed group is close to the coordinate origin, while the triangle representing the control group is far from the coordinate origin. In addition, the square distribution representing the seed group is compact, while the triangular distribution representing the control group is more dispersed, which indicates that it is more likely to obtain crystals with better resolution and mosaicity after adding seeds, and that the quality of protein crystals grown in the seeds group is better than that in the control group.
Crystals 2019, 9, x FOR PEER REVIEW  8 of 12 to obtain crystals with better resolution and mosaicity after adding seeds, and that the quality of protein crystals grown in the seeds group is better than that in the control group. (3) Trend chart analysis The resolution of lysozyme was divided into different intervals from 1.5 to 2.5, with intervals of 0.2, and the number of protein crystals in each interval was counted. The results are shown in Figure  8 . The peak resolution of lysozyme crystal was 1.5-1.7 Å, 1.7-1.9 Å, and 1.7-1.9 Å, respectively, when cross-linked seed crystals were added, while the peak resolution of lysozyme crystals was 1.9 Å-2.1 Å when seed crystals were not added, indicating that the diffraction resolution value of the crystal added with seed crystals was smaller, and the diffraction quality was better. For mosaicity, the peak value of lysozyme crystal was 0.6-0.9°, while the peak value of the control group was 0.9-1.2°, that is to say, adding seed crystals can improve the mosaicity of crystals, and the distribution of B-factor had the same trend. In addition, the resolution, mosaicity and B-factor of proteinase K (Figure 9 ) and sweet protein ( Figure 10) were analyzed by the same statistical method. The results also showed that the resolution, mosaicity and B-factor of protein crystals obtained by seed crystal technology were better than those of the control group. to obtain crystals with better resolution and mosaicity after adding seeds, and that the quality of protein crystals grown in the seeds group is better than that in the control group. (3) Trend chart analysis The resolution of lysozyme was divided into different intervals from 1.5 to 2.5, with intervals of 0.2, and the number of protein crystals in each interval was counted. The results are shown in Figure  8 . The peak resolution of lysozyme crystal was 1.5-1.7 Å, 1.7-1.9 Å, and 1.7-1.9 Å, respectively, when cross-linked seed crystals were added, while the peak resolution of lysozyme crystals was 1.9 Å-2.1 Å when seed crystals were not added, indicating that the diffraction resolution value of the crystal added with seed crystals was smaller, and the diffraction quality was better. For mosaicity, the peak value of lysozyme crystal was 0.6-0.9°, while the peak value of the control group was 0.9-1.2°, that is to say, adding seed crystals can improve the mosaicity of crystals, and the distribution of B-factor had the same trend. In addition, the resolution, mosaicity and B-factor of proteinase K (Figure 9 ) and sweet protein ( Figure 10) were analyzed by the same statistical method. The results also showed that the resolution, mosaicity and B-factor of protein crystals obtained by seed crystal technology were better than those of the control group. to obtain crystals with better resolution and mosaicity after adding seeds, and that the quality of protein crystals grown in the seeds group is better than that in the control group. (3) Trend chart analysis The resolution of lysozyme was divided into different intervals from 1.5 to 2.5, with intervals of 0.2, and the number of protein crystals in each interval was counted. The results are shown in Figure  8 . The peak resolution of lysozyme crystal was 1.5-1.7 Å, 1.7-1.9 Å, and 1.7-1.9 Å, respectively, when cross-linked seed crystals were added, while the peak resolution of lysozyme crystals was 1.9 Å-2.1 Å when seed crystals were not added, indicating that the diffraction resolution value of the crystal added with seed crystals was smaller, and the diffraction quality was better. For mosaicity, the peak value of lysozyme crystal was 0.6-0.9°, while the peak value of the control group was 0.9-1.2°, that is to say, adding seed crystals can improve the mosaicity of crystals, and the distribution of B-factor had the same trend. In addition, the resolution, mosaicity and B-factor of proteinase K (Figure 9 ) and sweet protein ( Figure 10) were analyzed by the same statistical method. The results also showed that the resolution, mosaicity and B-factor of protein crystals obtained by seed crystal technology were better than those of the control group. (3) Trend chart analysis The resolution of lysozyme was divided into different intervals from 1.5 to 2.5, with intervals of 0.2, and the number of protein crystals in each interval was counted. The results are shown in Figure 8 . The peak resolution of lysozyme crystal was 1.5-1.7 Å, 1.7-1.9 Å, and 1.7-1.9 Å, respectively, when cross-linked seed crystals were added, while the peak resolution of lysozyme crystals was 1.9 Å-2.1 Å when seed crystals were not added, indicating that the diffraction resolution value of the crystal added with seed crystals was smaller, and the diffraction quality was better. For mosaicity, the peak value of lysozyme crystal was 0.6-0.9 • , while the peak value of the control group was 0.9-1.2 • , that is to say, adding seed crystals can improve the mosaicity of crystals, and the distribution of B-factor had the same trend. In addition, the resolution, mosaicity and B-factor of proteinase K (Figure 9 ) and sweet protein ( Figure 10) were analyzed by the same statistical method. The results also showed that the resolution, mosaicity and B-factor of protein crystals obtained by seed crystal technology were better than those of the control group. 
Discussion
The results described above provided strong evidence that the crystals grown in the seeds method exhibited not only crystal appearance, but also better resolution limits, mosaicity, and Bfactor than those of the crystals grown in the control, this showing that using CLPCs as the seeds for protein crystallization can improve the crystals' quality, especially in the X-ray diffraction parameter.
The mechanism of the improvement can be attributed to the characteristics of cross-linked protein crystals. Unlike most nucleants, CLPCs exhibit an ordered and porous structure. The porous structure can provide sites with nanopores which are suitable for capturing protein molecules, while the ordered structure can provide lattice points for protein molecules to pack into the crystal and grow directly. At the same time, crosslinked crystals can also act like normal nucleants, providing an interface for nucleation or growth, so as to reduce the energy barrier for nucleation.
The improvement in protein crystal quality is also related to the characteristics of CLPCs: firstly, the crystal of the same protein type as that of the CLPCs will have good lattice matching so that the internal stress can be effectively reduced, resulting in better crystal quality. In addition, the porous structure will enable the CLPCs to capture impurities, thus reducing the amount of impurities incorporated into the crystal, so as to improve the crystal quality. Furthermore, as a nucleant, CLPCs will have the capability to realize crystallization at low supersaturation level, which is also conducive to the improvement of crystal quality. 
The results described above provided strong evidence that the crystals grown in the seeds method exhibited not only crystal appearance, but also better resolution limits, mosaicity, and B-factor than those of the crystals grown in the control, this showing that using CLPCs as the seeds for protein crystallization can improve the crystals' quality, especially in the X-ray diffraction parameter.
The improvement in protein crystal quality is also related to the characteristics of CLPCs: firstly, the crystal of the same protein type as that of the CLPCs will have good lattice matching so that the internal stress can be effectively reduced, resulting in better crystal quality. In addition, the porous structure will enable the CLPCs to capture impurities, thus reducing the amount of impurities incorporated into the crystal, so as to improve the crystal quality. Furthermore, as a nucleant, CLPCs will have the capability to realize crystallization at low supersaturation level, which is also conducive to the improvement of crystal quality.
It is worth emphasizing again that CLPCs, as crystallization seeds, have obvious advantages in that they are highly stable, not only in the air, but also in solution. These merits make CLPCs readily available at any time and in any solution conditions. Compared with normal protein crystals which are kept in the mother liquid they are grown from, CLPCs can be independently placed outside the solution. Therefore, CLPCs can be used for commercial purposes. For example, their used can be explored for one type of optimization crystallization kit in a crystallization screen. So long as these CLPCs could adhere to the crystallization plate firmly, the commercial crystallization plate is likely to be constructed. Furthermore, normal protein crystal seeds added to the crystallization solution may be at risk of dissolution, if the solution is undersaturated. However, in the case of CLPCs, one need not worry about this risk. When using CLPCs, one can add them into the solution directly when the concentration is undersaturated, so as to provide more opportunities for crystallization to occur because the solution can experience a wide concentration range from low to high via vapor diffusion.
Conclusions
In this article we report a systematic study on the effect of CLPCs on the quality of protein crystals. Our results showed that the CLPCs could effectively improve the quality of protein crystals by X-ray diffraction. Due to the high stability, and the ordered and porous structure preserved in the protein seed crystals, the success rate of protein crystallization can be significantly increased, and the quality of protein crystals can be improved simultaneously, which is normally challenging in protein crystallization. Judging from the positive effects and the benefits that CLPCs can provide, we suggest that CLPCs be applicable as routine tools in protein crystallization screening and optimization.
